We present a femtosecond spectroscopic magneto-optical investigation of the coherent and incoherent spin dynamics in the antiferromagnetic dielectric KNiF 3 . The pathways of the photoinduced energy flow to spins were controlled by tuning the pump photon energy. In particular, we demonstrate that laser pulses, with photon energy tuned to a nearly-zero-absorption region, excite the spin system without any signatures of heating of electrons or phonons. In this regime the ultrafast excitation of coherent spin waves is followed by a gradual increase of the spin temperature solely due to decoherence of the laser-generated magnons, as revealed by our simultaneous measurement of both the transversal and the longitudinal component of the spin dynamics.
In the rapidly developing area of spintronics, antiferromagnets are playing an increasingly important role [1, 2] . However, the conventional way to control spins with the help of an external magnetic field [3] is not effective in antiferromagnets, because of the strong exchange field between the sublattices. This obstacle has ignited an intense search for an ultrafast and energy efficient control of antiferromagnet spins. Although coherent magnons can be generated by 100 fs laser pulses via impulsive stimulated Raman scattering (ISRS) [4] [5] [6] , this mechanism is believed to be intrinsically inefficient, because of the unavoidable release of energy to the electrons and phonons [7] . The heating of electrons and phonons by laser radiation is a direct consequence of the absorption of light in the material. This process heavily dominates the photoinduced spin dynamics in metals [8] [9] [10] [11] . In contrast, in magnetic dielectrics, absorption is much lower, which allows the excitation of spin systems via ISRS by near-infrared laser pulses. However, each successful demonstration of the ultrafast generation of coherent magnons via ISRS has been realized in magnetic oxides [5, 6, 12, 13] , in which absorption is not negligible in most of this spectral range. This has led to the fundamental questions: How does optical absorption affect the ultrafast laser-induced spin dynamics? Can femtosecond optical laser pulses generate magnetic excitations in the absence of any absorption? If this is the case, which spin dynamics could be observed in this regime?
In this Rapid Communication we report our experimental study on the role of optical absorption in the laser-induced coherent and incoherent spin dynamics. In particular, we demonstrate that when the photon energy of the pump pulses is tuned to the transparency region, the laser-induced spin dynamics does not reveal any signatures of heating of electrons or phonons, as if a selective optical excitation of the spin system is achieved.
The dielectric antiferromagnet KNiF 3 is an excellent candidate to address the aforementioned issues. It is characterized by a region of nearly zero absorption in the optical range, as shown in Fig. 1 . This is related to a wide energy band gap (E g ≈ 6.2 eV [14] ) which distinguishes this material * d.bossini@science.ru.nl from 3d transition-metal magnetic oxides, whose energy gap is typically E g ≈ 3-4 eV [15, 16] . All the absorption bands visible in the spectrum are due to relatively weak phononassisted localized d-d transitions [14, 17] . Of interest for our purpose, in the 1.5-3 eV range these features alternate with a transparency window around 2 eV, where the absorption coefficient is nearly zero. KNiF 3 has a perovskite type crystal structure (point group m3m) [18] . Two equivalent Ni 2+ sublattices are antiferromagnetically coupled below the Néel temperature T N = 246 K [19] . This material is known as a Heisenberg antiferromagnet because of its very weak cubic magnetic anisotropy. The positive sign of the anisotropy constant determines the alignment of spins along the [001], [010], and [100] axes [20] . The magnetic structure is described in terms of the antiferromagnetic vector, defined as L = M 1 − M 2 , where | M 1 | = | M 2 | = M 0 are the magnetizations of the two sublattices and M 0 is their saturation magnetization.
We performed a series of magneto-optical pump-probe experiments with a setup similar to the one used in Ref. [21] . A detailed description is provided in Ref. [22] . The photon energy was tuned within the range of 1.5-3 eV, either to one of the absorption bands or to the transparency window, as shown in Fig. 1 . We probed changes in the ellipticity of the probe beam, which in our experimental configuration (see the inset in Fig. 1 ) represent variations of the magnetic linear birefringence (MLB). MLB is the difference in the refractive indices experienced by light polarized along and perpendicularly to the direction of the spins. This magneto-optical effect is a quadratic function of the spin moment, being described by the symmetric part of the dielectric permittivity tensor [23, 24] (S) ij = (S) ji . Thus, in an Heisenberg antiferromagnet, MLB is proportional to L 2 . Measuring transient MLB allows us to detect simultaneously both the transversal and the longitudinal dynamics of L, due to the contributions to the dielectric permittivity tensor proportional to L z L y and L 2 z , assuming L directed along theẑ axis. In contrast, in earlier investigations of laser-induced spin dynamics in compensated antiferromagnets [6, 7, 25] , the transient magneto-optical Faraday rotation was measured. Since in the ground state the magnetization is zero, the Faraday rotation vanishes. A transient net magnetic moment proportional to γ L × ∂ L/∂t appears in the nonequilibrium state [26] . Therefore the transient Faraday [100]
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(Color online) Spectral dependence of the absorption coefficient in KNiF 3 at room temperature. The levels corresponding to the absorption bands and the ground state 3 A 2g are also shown. In the range 2-2.4 eV a nearly-zero-absorption region is observed. The excitation photon energies used in the pump-probe experiment are indicated. In the inset, we report schematically the experimental geometry. We measured variations in the ellipticity of the probe polarization, due to magnetic linear birefringence. effect gives access to the transversal, but not to the longitudinal dynamics of L.
In order to demonstrate the excitation and detection of both the transversal and the longitudinal dynamics of L in KNiF 3 , we measured the transient MLB triggered by circularly polarized pump pulses resonant with the 1.5 eV absorption band (see Fig. 1 ). Oscillations at a frequency of ν ≈ 90 GHz are visible in the first 80 ps superimposed on a slowly varying background described by the parameter B [see Fig. 2 (a)]. The temperature and pump polarization dependences of the oscillatory dynamics [22] allow us to ascribe it to the antiferromagnetic mode of coherent spin precession, resulting in transversal dynamics of L triggered via impulsive stimulated Raman scattering (ISRS). The inset of Fig. 2(a) shows the temperature dependence of the parameter B. The signal disappears approaching T N , confirming its magnetic character. From this we conclude that the incoherent increasing response represents the longitudinal dynamics of L. The diagram shown in Fig. 2(b) demonstrates the laser-induced processes leading to the observed spin dynamics. While a fraction of photons in the pump pulse participates in the generation of the coherent magnons via ISRS [27, 28] , another fraction of photons is absorbed, leading to a population of the upper localized 3d band. These excited electrons relax on a time scale of about 1 ps via nonradiative processes, governed by electron-phonon coupling. As the temperature of the phonons T ph increases, the excess energy is exchanged with the spin system on the ≈100 ps time scale due to magnon-phonon coupling, resulting in an increase of the magnon temperature T M . The longitudinal incoherent dynamics is pump polarization independent [22] , supporting our conclusion that it is caused by the energy flow (heating) to the magnetic system.
Aiming to reveal how the absorption affects the photoinduced spin dynamics, we performed measurements tuning the pump photon energy to 3.0 and 1.9 eV [see Fig. 3(a) ]. For a quantitative comparison of the results, we fitted the time dependences with the following function:
where θ (t) is a Heaviside function. The first and second terms in Eq. It is important to note that B gradually increases with absorption in the range above α ≈ 14 cm −1 . The spectral dependence of the precession amplitude A (not shown here) is less pronounced. We note that the decoherence time τ d varies as a function of the absorption coefficient. We ascribe this behavior to the broadening of the magnon line, which depends on the inhomogeneous excitation caused by the optical absorption of the pump beam. Moreover, Fig. 3(c) shows that the higher the absorption, the smaller is τ r .
The above described trends of both B and τ r break if we turn the light-matter interaction into the nearly-zero-absorption regime α ≈ 0. Figure 4(a) shows that setting the energy of the pump photons to 2.2 eV induces a dramatic change in the incoherent response, while the amplitude of the oscillations is barely affected. The longitudinal laser-induced dynamics does not completely vanish despite the nearly zero absorption. Remarkably, the best fit to the data is obtained for τ r ≈ τ d .
Such a consistency for the characteristic times [see Fig. 3(c) ] distinguishes sharply the dynamics excited in nearlyzero-absorption conditions from the results obtained with other excitation energies. This suggests that the mechanisms dominating the longitudinal dynamics of L in these two regimes are different. Let us now consider the laser-induced processes occurring when the medium is transparent for the pump pulse, as shown in Fig. 4(b) . Since no real electronic transitions are excited, the energy deposited by the pump laser pulses into the medium is entirely stored in the magnetic ensemble, via ISRS. The lasergenerated coherent magnons scatter with a characteristic time τ d ≈ 40 ps, bringing the ensemble of these quasiparticles to decoherence. As a result, the spin temperature increases, traced by the longitudinal dynamics of the antiferromagnetic vector, with the very same characteristic time τ d = τ r ≈ 40 ps. This equality proves that, by tuning the energy of the pump photons to the nearly-zero-absorption spectral range, we achieved a regime in which the light-induced spin dynamics does not reveal any signatures of heated electrons or phonons, as if a selective excitation of spins only occurred. Even better, we can formulate a criterion allowing one to determine whether traces of optical absorption are present in the spin dynamics. This condition, which we call the zero-absorption criterion, is simply τ d = τ r .
Seeking further confirmation of this idea, we measured the temperature dependence of the longitudinal dynamics excited by 1.5 and 2.2 eV pump pulses. A variation of the spin temperature T M per unit volume is determined by the magnetic specific heat through the relation W = C m T M , where W is the energy delivered by the laser pulses to the spins via ISRS. The specific heat of an Heisenberg antiferromagnet follows the C m ∝ T 3 law [29] , and consequently T M ∝ T −3 . We plot this trend in the inset next to our temperature dependent experimental results. Let us underline that a fit to the nearly-zero-absorption regime data is not possible, given the low amount of statistically significant data points. The plot of the T −3 law is aimed at a qualitative comparison, which provides a further confirmation of the different nature of the two regimes. The consistency between the plotted curve and the data obtained by pumping the material in the transparency window supports our interpretation. In this regime the heating of the spin system is uniquely due to decoherence of the light-induced ensemble of coherent magnons.
We also note that the laser-induced transversal spin dynamics in the nondissipative regime can be successfully modeled within the framework developed in Refs. [26, [30] [31] [32] . The heating of the phonons and subsequent phonon-magnon energy transfer are not taken into account in this model. The effect of light on spins is expressed in terms of an effective magnetic field H eff , which we derive in Ref. [22] . Defining the unit vector l ≡ ( M 1 − M 2 )/2M 0 , we can describe an antiferromagnet in terms of the following Lagrangian [6, 26] :
where γ is the gyromagnetic ratio, H E is the exchange field, and W( l) is the anisotropy energy. The effective field H eff is considered homogeneous over the thickness of the sample (≈340 μm) and its duration is assumed to be equal to that of the laser pulses, i.e., ≈100 fs. Only in the zero-absorption regime are these approximations well founded. The outcome of the theoretical model was used for a procedure alternative to the fit shown in Fig. 4(a) , providing excellent agreement with the data [22] . Finally, we would like to note that an energy efficient ultrafast spin excitation has been believed to be accessible exclusively employing picosecond THz pulses [7] . Our results demonstrate that a proper choice of the photon energy allows for the achievement of a spin dynamics regime determined by a light-magnon interaction and subsequent relaxation as if phonons and electrons were not excited by light at all. We can draw this conclusion because, contrary to Refs. [6, 7, 25] , we monitored simultaneously both the transversal and the longitudinal spin dynamics by measuring variations of MLB. Given the nonresonant nature of the coupling between light and spins in the ISRS process, the frequency range of the excitations accessible with this technique is intrinsically much broader. In our experimental setup (2.2 eV pump energy) the excitation range amounts to 0-14 THz, which becomes 0-28 THz when the energy of the pump is tuned to 1.5 eV.
In conclusion, we disclose a regime of ultrafast spin dynamics in antiferromagnets in which no traces of heated electrons or phonons are present. Our experiments demonstrate the possibility to steer the energy flow to coherent and incoherent magnetic excitations by choosing the wavelength of the pump beam. This observation is possible only by measuring both the transversal and the longitudinal dynamics of the antiferromagnetic vector. The most significant outcome of our work is the formulation of the zero-absorption criterion, which allows one to determine whether spin dynamics reveals any traces of optical absorption.
